The effects of dissolved oxygen and the concentration of essential amino acids upon the metabolism of two mammalian cell lines (rCHO producing human active (t-PA) and a mouse-mouse hybridoma) were investigated in batch, chemostat, and perfusion cultures. Intracellular amino acid concentrations were measured for both cell lines during repeated batch cultures and the K S -values for the essential amino acids were calculated using Monod equations via computer simulation. The K S -values were in the range of 10 mmol L −1 and the pool of most intracellular amino acids remained constant at about 10-100 fold higher in concentration than in the medium. No significant differences were observed between the hybridoma and CHO cell. The specific nutrient uptake rates corresponded with the cell specific growth rate and the effects of reduced dissolved oxygen concentrations only became evident when the DO dropped below 5% of air saturation (critical concentration below 1%). Nevertheless, a correlation between nutrient concentration and specific oxygen uptake was detected. 
Introduction
One aim of this investigation was to study the effect of dissolved oxygen concentration upon specific cellular parameters of a recombinant CHO cell line and a murine hybridoma cell line. The role of oxygen in animal cell culture is complex. Oxygen is an indispensable substrate for energy generation as the terminal electron receptor in oxidative phosphorylation and at the same time it is also responsible for free radicals that may destroy cellular components like DNA, lipids or proteins (Halliwell and Gutterridge, 1986) . One aspect of study in this paper deals particularly with the effect of reduced oxygen concentrations during cultivation. Several investigators have described certain events as a response to changes in oxygen concentration or oxygen uptake. For example, the specific antibody secretion rate has been observed to be a function of dissolved oxygen concentration level (Reuveny et al., 1985) . Other investigations have demonstrated the effect of nutrient concentrations on specific O 2 consumption rates (Hu et al., 1987; Krömer and Katinger, 1982; Miller et al., 1989a, b; Siano and Mutharasan, 1991) . Beside the effect of nutrient levels, high cell densities may also influence the specific O 2 uptake rate (Wohlpart et al., 1990) . The responses to low oxygen concentrations probably influence the specific O 2 consumption and alter the pattern of glycolysis (Lin and Miller, 1992) and may also have a positive influence on the volumetric production of recombinant proteins (Lin et al., 1993) . Altered DNA concentrations and changes in the relationship of S to G-phase cells during these low oxygen periods are reported in the literature (Lin et al., 1993) .
In addition to oxygen, a balanced supply of nutrients is necessary for both growth and productivity of animal cell cultures and to avoid cell damage. In particular, appropriate supply of amino acids is indispensable in order to achieve high cell densities and good product formation. The lack of any essential amino acid causes a reduction in specific cell growth and potentially cell death. This cell death is often triggered by apoptosis as seen for glutamine, cysteine or glucose depletion. This phenomenon has been described in the literature for lymphatic cell culture (Al-Rubeai et al., 1990; Franec et al., 1992; Mercille and Massie, 1994) .
The uptake of amino acids is coupled to specific transport systems, e. g. for neutral, cationic or anionic amino acids (Bender et al., 1985; Guidotti and Gazzola, 1992) . The rate of amino acid uptake is quite rapid, occuring within a few seconds. (Shortwell et al., 1981; Oxender et al., 1977; . Monitoring the intracellular level of amino acids or other components like nucleotides (Ryll and Wagner, 1992) in the cells could provide insights into mammalian cell metabolism. In earlier work, intracellular amino acid concentrations have been determined as a function of the amino acid composition of the culture medium (Schmid and Blanch, 1992; Schmid and Keller, 1992) . Measurements with different medium compositions during continuous CHO cultivations have also been performed (Hansen and Emborg, 1994) . This investigation deals with the measurement of intracellular amino acids during repeated batch mode. Our aim was to identify changes in the intracellular pools and to identify any differences between CHO and hybridoma cell lines.
In addition to measuring the O 2 and nutrient uptake rates, the kinetic characterization of mammalian cells in a culture is important for optimal bioreactor process control. The Monod constants for the main energy sources used in mammalian cell culture like glutamine and glucose are well known and have been reported several times in the literature (Miller et al., 1987; Miller et al., 1988; Glacken et al., 1988; Dalili et al., 1989; Gaertner and Dhurjati, 1993) . For glutamine, Monod constants between 40-250 µm have been reported. However, data on other essential amino acids are rare. Furthermore, while critical concentrations of glucose around 0.5 mM are described in literature (Frame and Hu, 1991a, b) detailed kinetic investigations during batch and continuous cultures have not been performed. In this investigation we measured most Monod constants for essential amino acids besides the influence of low oxygen concentration and variations in extra and intracellular amino acid pools. Altogether this paper enables a better understanding of the metabolism of mammalian cell cultures.
Material and Methods

Cell lines and medium
Two different cell lines were used in this investigation:
A mouse-mouse hybridoma BSC 24, producing a monoclonal antibody of IgG 1 -type and a recombinant CHO cell line TF 70 R, producing human active tissue plasminogen activator (t-PA). The CHO cell line was a construction of a dihydrofolate-reductase-deficient (dhfr-) mutant transfected with t-PA/dhfr. Both cell lines were kindly provided by Pharmacia (Stockholm, Sweden).
As described previously a serum free medium (DMEM: Ham's F12, Gibco, Germany) containing the protein supplements insulin and transferrin was used (Jäger et al., 1988) for both cell lines. The medium was supplemented with additional amino acids, Napyruvate, Na-selenite and glucose (Hewlett, 1991) . This supply of nutrients resulted in a good formation and yield of products . For the determination of K S values it was necessary to use a medium with a distinct amino acid concentration. A custom made basal medium without amino acids (DMEM: Ham's F12 without amino acids, Gibco, Germany) was used for the determination of K S values. The amino acids were supplemented to the necessary concentrations.
Analytical methods
Cell numbers were obtained by trypan blue exclusion and total CHO cell number by crystal violet staining. Glucose and lactate were analysed using the YSI 2700 analyser (Yellow Springs Instruments, USA). Ammonia was measured using a NH 3 electrode (WTW, Germany). Free amino acids were analysed with an automated reversed phase HPLC system DS 450 (Kontron GmbH, Germany) with precolumn derivatization using the OPA method to determine all of the amino acids and the amino alcohol ethanolamine (Eta) except proline, cysteine and the dipeptide cystine. Samples for determining the intracellular amino acid pools were prepared by centrifuging a cell sample (minimum 2 × 10 6 cells), washing twice with PBS, drying (vacuum centrifugation (Bachofer, Reutlingen, Germany)), suspension of the dry cell sediment in 5% perchloric acid, mixing by ultrasonic waves, and 0.45 µm filtration. The intracellular amino acids were determined in relation to viable cell density. The average cell diameter for both cell lines was 14 µm (cell volume 1.4 pico litre) based on measurements with CASY r 1 cell counter (model TCC, Schärfe System, Germany).
Antibody and recombinant t-PA concentration in the supernatant were analysed using a kinetic sandwich ELISA method and the EL 311 autoreader (Tecnomara GmbH, Germany). Specific oxygen uptake rates were estimated using the dynamic method (Radlett et al., 1972) .
Cultivation procedures
The cultures with the mouse-mouse hybridoma cell line used for the estimation of K S -values were performed using the Super-Spinner system (Heidemann et al., 1994) . This system consists of a 1-l Duran flask (Schott, Germany) equipped with a tumbling membrane stirrer moving a polypropylene hollow fibre (Akzo Nobel, Germany) through the medium to improve oxygen supply. Additionally, the Super-Spinner was equipped with an oxygen electrode (Ingold, Germany). The electrode was connected to an DCUsystem (B. Braun Biotech International, Germany) and the data were recorded using a Micro-MFCS (Multi Fermenter Control System) computer system (B. Braun Biotech International). The reactor was placed in a CO 2 -incubator. The CO 2 conditioned incubator gas (5% CO 2 , 95% air) was used for aeration. Feed and harvest bottles are connected to this system for chemostat experiments using a FPLC pump (P1, Pharmacia, Sweden) for medium feed.
Batch and perfusion cultures with the recombinant CHO cell line were performed using a one or two litre bioreactor system (BF 2, B. Braun Biotech International) equipped with a double membrane stirrer for bubble free aeration and perfusion . A cell bleed stream was connected to the bioreactor to obtain steady state conditions during perfusion cultures. All cyclic variables like pH, DO, stirrer speed and temperature were recorded using the Micro-MFCS (B. Braun Biotech International).
Determination of the K S -values
The mixture of DMEM: F12 without amino acids was used for the determination of the K S -values. This medium was then supplemented with the basal formulated concentration of amino acids and protein supplements, except for one particular essential amino acid that was added in a lower concentration. This amino acid became limited during the batch or chemostat cultivation, whereas the other amino acids were in excess. The concentration of this particular amino acid was chosen due to data obtained in previous cultures.
The starting values (e.g., cell number, amino acid concentration) and the specific cell constants (e.g., spec. growth rate µ max , spec. consumption rates q S ) were used for a computer simulation (ISIM, Interactive SIMulation Language, UK). Using different K S -values and the formulas given below the simulation data were fitted to the original data (iteration) and replotted again. The specific cell constants were calculated using data from previous batch or chemostat cultures according the method described by , a combination of numerical integration and square fitting.
The following formulas were used in this investigation (Pirt, 1985) : -Cell specific parameters: a) Batch:
-Monod equations for the simulation (Monod, 1942) :
Results and Discussion
The effect of dissolved oxygen and various nutrient concentrations Perfusion cultures were performed with the recombinant CHO cell line to examine the influence of nutrient concentrations and different DO-levels on growth, specific cell metabolic rates and productivity. Chemostat cultures were carried out with the murine hybridoma to check the influence of low oxygen levels and to compare the results with the rCHO cell line.
The first CHO perfusion culture (Fig. 1A, B) was performed under on-limiting growth conditions. The maximum viable cell density attained was 1 × 10 7 viable cells/ml with a viability greater than 98%. The perfusion rate was increased from 0.58 d −1 to 0.82 d −1 . No amino acid limitations were detected (data not shown). The dissolved O 2 concentration setpoint was 40% of air saturation and pH was 7.1.
The specific OUR decreased during the batch period, due to a consumption of nutrients and slight decrease of growth rate during the late logarithmic growth period. The OUR corresponded with the curve of the specific uptake rate for glucose during perfusion mode (Fig. 1B) . The specific growth rate of 0.4 d −1 remained constant during perfusion mode, thus not correlating to decreases in the OUR. An increase of uptake rates can be caused by higher concentrations of nutrients in the medium and this has resulted in an increase in specific OUR as described by Miller et al. (1989) and Siano and Mutharasan (1991) . This effect was seen for glucose in our experiments. The specific glutamine uptake rate kept nearly constant during the perfusion period, due to a constant glutamine level during the perfusion process. Nevertheless the specific uptake was lower compare to the initial batch. q Lac /q Glc , an indicator for the ratio of oxidative phosphorylation, decreased slightly during the batch, but was constant during the perfusion process, although the specific glucose uptake rate (q Glc ) showed a nutrient dependent behaviour. This level of about 1.4 is typical for many mammalian cell lines as reported by Kyung et al. (1994) and Büntemeyer et al. (1995) .
The effect of low levels of dissolved oxygen
The following two cultures were carried out under steady state conditions with cell bleed to eliminate the effect of different nutrient levels and variations in growth rate. The perfusion rate was set to 0.58 d −1 , the bleed rate to 0.1 d −1 . A steady state in both cultures was established between 5 × 10 6 -6 × 10 6 viable cells/ml. The dissolved O 2 concentration was controlled at 34-40% and the DO was decreased stepwise to 5% in one culture and to 1% air saturation in the other. The steady state period of the 5% DO cultivation is shown in Figure 2 . The specific O 2 consumption rate was not affected by the different O 2 levels and t-PA productivity remained constant. A slight decrease just before and during the 5% period was recognized, but due to the very low concentrations exact analyses were difficult. This low t-PA level and therefore the difficulties of exact and reliable measurement may be the reason that in the second culture the specific productivity is much better, and not effected by different O 2 levels. Various rates are summarized for both cultures in Table 1 . The quotient of lac/glc was greater with the 1% DO culture. But there was a slight increase of this quotient for both cultures at or below 5%. These phenomena were also described by Ozturk and Palsson (1990) , Lin and Miller (1992) , Shi and Park (1993) and Thömmes et al. (1993) . The data indicate that a DO concentration below 5% caused a reduction of oxidative phosphorylation (higher conversion from glucose to lactate occurred) even though the specific amino acid production and consumption rates were not significantly affected. Collectively, the effects of low DO-levels of 5 to 1% are negligible. No significant decrease in specific OUR, growth rate or other cell specific rates were observed. Hybridoma cell cultures were perfused in a SuperSpinner chemostat system with the results shown in Figure 3 . Cell growth was only limited by the maximum oxygen transfer rate of the system (approx. 7.6 mmol L −1 d −1 ). 19 days into the culture the oxygen supply was switched off for about 14 h with a corresponding drop in DO. The viable cell number decreased immediately. The cell growth was inhibited and cells were washed out of the chemostat. After two days the cells reached about the same cell density as before. Contrary to other reports where a lack of O 2 supply caused the induction of apoptosis (Mercille and Massie 1994) , no cell damage was observed here. Figure 4 compares the specific consumption and production rates in relation to growth rate. A growth dependent behaviour for the specific amino acid uptake rates was observed and al- Figure 2 . Perfusion cultivation with cell bleed using the rCHO cell line TF 70 R. Cell density, viability, glucose and lactate levels and the specific O 2 uptake rate is shown. DO level was decreased stepwise to 5% after steady state was obtained (day 18). No effect in relation to cell density occurred. During the 5% DO period the lactate concentration increased rapidly. The specific O 2 uptake rate was not effected. most no effect of low oxygen concentration could be recognized. The reduction of specific uptake rates for amino acids due to lower growth rates is typical for mammalian cells and was also seen during perfusion cultures with the CHO cell line. We noticed no influence of the low DO level upon cell specific parameters, measured here. The specific OURs are shown in Table 2. The highest values were detected during the exponential growth phase. During steady state periods the consumption rates decreased with the lowest rates measured when the DO levels in the culture vessel were near zero. The specific OUR was calculated using the following formula:
The value for k L · a was determined prior to inoculation (in fresh medium) and was rechecked afterwards. In contrast to the other nutrients the O 2 uptake is not strongly influenced by the growth rate. The quotient of lactate conversion from glucose increased slightly, comparable to results obtained with the CHO cell line. Critical values for DO level for the cultivation of hybridoma cells are given below 1 mmol · L −1 (0.5% air saturation, Miller et al., 1987) . Table 2 . Specific O 2 -uptake rates and quotients of lactate conversion from glucose during the chemostat experiment with the murine hybridoma BSC 24 (Fig. 3) . The lowest specific OUR rates were measured when the DO level in the culture vessel was near zero. q Lac /q Glc was high during this period The specific productivity was maximal at low dilution rates, also detected by Leno et al. (1992) , whereas the volumetric productivity was maximal between dilution rates of 0.5-0.7 [d −1 ]. This characteristic was also found during the chemostat cultivation with low DO concentrations (see above). These specific con- sumption and production rates showed an identical pattern during all chemostat cultures as mentioned in Figure 4 . A direct correlation to growth rate was detected.
Determination of the K S -values
Batch cultures were used to determine Monod constants for essential amino acids for the recombinant CHO cells. The hybridoma cells were cultivated in chemostat and batch mode. A specially designed medium was used for the experiments, with only one amino acid at a level low enough to make it limiting. The simulation of the Monod constants were obtained using the cell specific parameters obtained in previous, non-limiting, batch or chemostat cultures (data not shown) and assuming that the specific substrate uptake rate q s and the specific growth rate µ are functions of s. The effect of inhibitory products (ammonia or lactate) is negligible due to low cell concentrations of 1.5 × 10 6 max. during batch cultures or dilution rates of approx. 0.5-1.0 during chemostat cultures. During chemostat cultures the dilution rate was increased stepwise after steady state conditions were obtained. An example of the computer program for a chemostat culture is given below. Figure 5 showed a chemostat diagram for the determination of the Monod constant for the amino acid glutamine. The steady state values of cell concentration and glutamine level is plotted against the dilution rate together with the data of the computer simulation. The K S value for glutamine was detected in a range of 30-70 mmol · L −1 , in contrast to Miller et al. (1988) , who found a value of about 150 mmol · L −1 . The lower value for this hybridoma cell line corresponds with data detected by Dalili et al. (1989) and an example for a batch culture is reported in the paper of Heidemann et al. (1995) . All values except glutamine for the hybridoma cell line were found in a range of 1-15 mmol · L −1 . The results of the K S values are summarized in Table 3 . The data indicate, that the level of the K S value is related to the specific uptake rate. In general, if the specific uptake is low, also the level of the Monod constant is low, as detected for the amino acids tryptophan, phenylalanine or methionine. Otherwise if the uptake is higher, the K S level is also higher. The low Monod constants indicate, that there is almost no influence to specific growth over a wide spectrum of substrate concentrations.
Determination of intracellular amino acid pools
The determination of intracellular amino acid pools was done in repeated batch cultures for both the murine hybridoma and the CHO cell line. The intracellular amino acid pools can be divided into two major groups:
(1) Glutamine, glutamate, aspartate, glycine and the amino alcohol ethanolamine -the intracellular concentrations decreased during batch culture and kept constant while the cells were entering the stationary phase. During CHO culture the extracellular concentration of aspartate increased, the intracellular pool decreased. During hybridoma cultivation both pools decreased. (2) All other amino acids -the intracellular concentrations remained constant. A slight increase of these amino acid pools was recognized only during the steady state and beginning death phases.
The concentrations of the intracellular amino acids ranged from 0.1-30 mM. Glutamine and glutamate were 20-30 mM at the beginning of the batch. Similar results for hybridomas were also obtained by Schmid and Blanch (1992) and Schmid and Keller (1992) . Hansen and Emborg (1994) found similar intracellular values during continuous cultures using the same recombinant CHO cell line and Seewöster et al. (1995) obtained similar concentrations using a CHO-DUXS cell line. The concentrations of the intracellular pools were about 10-100 fold higher compared to the extracellular amount. Table 4 shows a summary of the intracellular amino acid concentrations obtained in these cultures. No significant difference between the CHO and the hybridoma cell line was observed. Al- though the amino acid consumption and production pattern of the two cell lines differ.
Summary
The role of dissolved oxygen on cell behaviour is complex. The specific OUR can be influenced by the nutrient concentrations in the culture medium and possibly by high cell densities. A decrease in DO to under 5% affected the ratio of glucose consumption and lactate production. A slight increase of deoxydative fermentation processes was observed. Altogether, these effects were not dramatic either cell line. The hybridoma cell line even showed normal growth and consumption below 1% DO during chemostat culture. The cells were also able to recover after shutting off the aeration for 14 h. Under these conditions no really critical concentration effecting growth or productivity was found. Data in the literature of critical values below 0.5% were confirmed.
A growth-dependent pattern for both cell lines for most specific uptake and consumption rates (except for product formation during the hybridoma experiments) was detected. Interestingly, the specific OUR appears to be more influenced by the DO level than growth, as shown during chemostat culture. The results indicate the need for a standardization for calculating cell specific parameters. The determination of these constants especially in batch cultures is difficult and only relevant under the same conditions (during maximal specific growth rate (µ max ) and distinct nutrient concentrations).
The K S -values of most of the essential amino acids were found to be below 15 mM (with the exception of glutamine). This indicates no influence to specific growth rate over a wide range of extracellular concentrations. Additionally the intracellular amino acid concentrations for both cell lines were 10-100 fold higher than the initial concentration in culture medium. Most of the intracellular amino acids remained constant during the batch culture. The three amino acids that decreased during the exponential growth phase, gluta-mine, glutamate and glycine, are directly involved in the glutamine-glutamate pathway of mammalian cells. Glutamine is one of the main energy sources of animal cells, glutamate is the junction to the TCC cycle, and glycine is involved in the glutathione cycle, also starting from glutamine and glutamate (Meister, 1984) . This may explain the decrease during batch cultures.
The constants estimated in this paper give us a better understanding of mammalian cell metabolism. The high intracellular concentrations of amino acids compared to the extracellular environment are together with effective amino acid transport systems a presupposition for extremely low Monod constants as measured for these cell lines. The data enable us the develop special feeding strategies, based on the K S values and control cell growth at a distinct level. We also found that it is possible to operate under low DO concentrations, for example to protect an unstable product for free radicals.
